We demonstrate the single-molecule imaging of the catalytic reaction of the Zn 2+ -dependent DNAzyme in a DNA origami nanostructure. The single-molecule catalytic activity of a Zn 2+dependent DNAzyme was examined in the designed nanostructure called DNA frame. The DNAzyme and a substrate strands attached to two supported dsDNAs were assembled into the DNA frame in two different configurations. The reaction was monitored by observing the configuration change of the incorporated DNA strands in the DNA frame, which was clearly observed in accordance with the progress of the reaction. The separation of the dsDNAs, induced by the cleavage by the DNAzyme, was directly visualized by highspeed atomic force microscopy (AFM). This nanostructure-based AFM imaging is applicable for monitoring various chemical and biochemical catalytic reactions at the single-molecule level.
experiments, the individual DNA nanostructures were assembled on origami frames, and the reactions of the nanostructures were elucidated by analyzing a collection of frames. For example, DNA structural changes including the Gquadruplex reconfiguration, [14] the B-Z configurational transitions, [15] the switchable association and dissociation of photopresponsive DNA, [16] and visualization of enzymatic processes on DNA nanostructures [17] were demonstrated. Because the target DNA strands are directly attached to the nano-scaffold, the DNA structural changes can be controlled in the nanospace by arranging the structures inside the DNA nanoscaffold. (c) Vertical configuration in the DNA frame in the initial state (left; H-shape 1) and the product after the cleavage with Zn 2+ ion (right; parallel shape 2). (d) Horizontal configuration in the DNA frame in the initial state (left; X-shape 3) and the product after the cleavage with Zn 2+ ion (right; double-loop shape 4). frame ( Figure 1 ). [17] The DNAzyme we employed is the Zn 2+ -iondependent DNAzyme that selectively cleaves the substrate DNA at a sequence-specific site ( Figure 1 ). [18] Here, we connected the DNAzyme to one supported dsDNA and the substrate to another, and subsequently incorporated them into the DNA frame, using the four single-stranded DNA tethers as linkers to the DNA origami frame ( Figure 1b ). We generated two different configurations of the DNAzyme sequence/substrate pair for the insertion into the DNA frame. In the vertical configuration of DNAzyme/substrate dsDNA in the DNA frame, the two supported dsDNAs were connected to the a-b and c-d sites of the DNA frame (1; Figure 1c ). In the horizontal configuration, the two dsDNAs were connected to the a-c and b-d sites (3; Figure  1d ).
First, we examined the substrate DNA cleavage using a DNAzyme oligonucleotide (Figures S1, S2). We conducted the reaction in a solution containing 10 mM Tris-buffer (pH 7.0), 20 mM MgCl2, and metal ion at 30 °C for 30 min. The cleavage selectively occurred in the presence of Zn 2+ , and no cleavage was observed in the presence of other ions such as Cu 2+ or Ni 2+ as reported previously ( Figure S1a ). [18] Then we examined the reaction in the DNA nanostructure using the same reaction conditions. The DNAzyme and substrate DNA supported by two dsDNAs were introduced into a DNA frame by pre-annealing the DNA components in a solution containing 10 mM Tris-buffer (pH 7.0) and 20 mM MgCl2 ( Figure S3 ). After the assembly, the structures were observed by AFM. The two supported dsDNAs were connected to the DNA frame in >90% yield ( Figure 2) . A center DNAzyme/substrate dsDNA in the vertical configuration was clearly identified, and the intact structure was observed as an H-shaped construct (Figures 2a and S4 ). In the case of the horizontal configuration, the DNAzyme and substrate DNA supported by two dsDNAs were assembled into the DNA frame ( Figure S9 ). The center dsDNA was also clearly identified, and the whole structure was observed as an X-shape (Figures 2d and S10). The DNAzyme/substrate dsDNA in the vertical and horizontal configurations could be clearly visualized between the two supported dsDNAs in the DNA frame (Figure 2a .e).
Next, we examined the cleavage reaction of the substrate DNA in the DNA frame. The reaction was performed in the presence of 2 mM ZnCl2 at 30 °C for 30 min. After incubation with Zn 2+ in the DNA frame, the separation of the central part of the DNAzyme/substrate dsDNA was clearly observed (Figure 2 ). In the case of the vertical configuration, we observe the separation of two supported dsDNAs to be in a parallel shape (Figures 2b and S5) . We compared the effect on the separation by changing the number of base pairs in the dissociation domain with 4, 6, and 8 base pairs (bp) (Figures 2c, S6 , S7, S8). After incubation with Zn 2+ , the parallel shape increased in the order of 4, 6, 8 bp, and the observed separation in the 8 bp dissociation domain was modest. These results indicates that the number of base pairs in the dissociation domain affects the separation in the DNA frame after the cleavage. We examined the timedependent formation of the parallel shape in the DNA frame using DNAzymes with 4 and 6 bp dissociation domain ( Figures  2d, S7, S8 ). In both cases, the reactions were saturated around 30 min, and the yield of the parallel shape formation using DNAzyme with 4 bp dissociation domain was higher than that with 6 bp. The observed rate constants for the parallel shape formation by DNAzymes with 4 bp and 6 bp were 0.18 min -1 and 0.068 min -1 , respectively, which indicates that the dissociation step directly affects the kinetics of the parallel shape formation. In the cases of the horizontal configuration, we also observed the separation of two supported dsDNAs that turn upon cleavage into a double-loop shape (Figures 2f and S11) . We also observed the effect of the dissociation domain on the double-loop formation. The tendency was similar to the vertical configuration (Figures 2g, S12 , S13, S14). The observed rate constants for the double-loop formation with 4 bp and 6 bp dissociation domain were 0.17 min -1 and 0.094 min -1 , respectively, which also showed the similar tendency to the vertical configuration (Figure 2h ). The cleavage reaction in an ensemble state showed comparable rate constant (0.48 min -1 ; Figure S1b ), considering the additional dissociation step of the cleaved substrate and DNAzyme in the DNA frame. These results indicate that the DNAzyme mediated reaction in the DNA frame reflects the reaction in the ensemble state.
In the two configurations, the yields of the reactions were slightly higher in the horizontal configuration than those in the vertical configuration. The lengths of the DNAzyme/substrate dsDNA were different in two configurations, which should affect the subsequent dissociation. We directly measured the lengths of the DNAzyme/substrate dsDNA in the vertical and horizontal configurations in the AFM images, and the distances between the two supported dsDNAs at the center in these configurations were 13.5 ±1.8 nm and 10.7 ±2.0 nm, respectively (Figures  2a,e, and S15) . The tension imposed on the center dsDNA in the vertical configuration should be larger than that in the horizontal configuration. The results may suggest that the active structure of the catalytic domain was maintained in both configurations even the DNAzyme/substrate was expanded by the two supported strands.
Finally, we examined the imaging of the catalytic activity of the DNAzyme at the single-molecule level using a high-speed AFM. We prepared a sample in the absence of Zn 2+ and observed the sample by high-speed AFM in the presence of Zn 2+ . The prepared sample was adsorbed on mica, and then the sample was observed in the observation buffer containing Zn 2+ .
First, we examined the vertical configuration. We find that the Hshaped structure in the vertical configuration changed to the separated dsDNAs during AFM scanning (arrow in Figures 3a and S16a). The separation of the dsDNA occurred and the corresponding conversion of the H-shaped structure into the two separated parallel dsDNAs was clearly observed at time 20 s (Figure 3a ). This observation suggests that a cleavage reaction followed by separation of dsDNAs occurred. In the case of the horizontal configuration, we also observed the structural conversion from an X-shaped structure to two separated loops at time 20 s (arrow in Figures 3b and S16b) . These results suggest that the single-molecule cleavage by the DNAzyme and subsequent separation can be monitored using this observation system and high-speed AFM imaging.
In conclusion, we have demonstrated the single-molecule imaging of the cleavage reaction and dissociation of dsDNA by a Zn 2+ -dependent DNAzyme occurring in a DNA nanostructure. The reaction can be clearly monitored by observing the configuration change of the dsDNAs incorporated into the DNA frame. Using high-speed AFM, dynamic movement of the DNA strands induced by the cleavage with the DNAzyme was visualized in the DNA frame. This versatile observation system described here can be a novel approach for monitoring the target chemical and biochemical reactions that are designed to induce structural arrangements of the multiple DNA strands in the defined DNA nanospace. (Grant Numbers 15H03837, 25253004, 26620133) . IW is supported by the Israel Science Foundation. Financial supports from the Sekisui Chemical Research Grant and the Kurata Memorial Hitachi Science and Technology Foundation to ME are also acknowledged. 
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